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Summary:

The objective of this contract was to establish the feasibility of
studying proteins on surfaces by scanning tunneling microescopy (STH) and
atomic force mizroscopy (ATM). Amino aci.s and proteins deposited on highly
oriented pyrolytic graphite (HOPG) were viewed by STM (Appendices A-C). A
preliminary experiment was conducted in the laborxatoxy of Dr. Paul Hansma,
Univarsity of California, Santa Barbara, which demonstrated the observation of
immunoglobulin (IgG) on quartxz and mica suxfaces, An underwater real time
observation of IgG adsorption on mica (Appendix D) suggests that the process
is not homogeneous. We now have a functioning AFM in our lab - (thanks to the

generosity and assistance of Paul Hansma and co-workers) - and protein imaging

studies are in progress.

“Scanning Tunneling Microscopic Images of Amino Acids," L. Feng, C-Z Hu, J.D.
Andrade, J._Microscopy 152 (1988) 811-816.

This paper presented images of amino acids adsorbed on HOPG. The STM
was operated is air. Although individual amino acida wexe occaaionally

obsexved, the majority of adsorbates were dimers or clusters.
Appendix B:

“"Scanning Tunneling Microscopic Images of Adsarbed Serum Albumin on HOPG," L.

Feng, C-2 Hu, J.D, Andrade, Q. Colloid Interface Sci. 126 (9188) 650-653.

Serum albumin adsorbed on HOPG from buffer solutions was observed by STM
in air. The images show details of subdomains with a resolution of better
than 20 A. The image agrees with the suggested 3-D structure of albumin and

with a recently reported X-ray crystal structure.




Appendix C;

"Scanning Tunneling Microscopy of Proteins on Graphite Surfaces,"” L. Feng,

J.D. Andrade, C-2 Hu, Scanning Microscopy 3 (1989) 399-410.

This paper presents all of the biomolecule STM wok done by our group
through April, 1989. In addition to reviewing the results of the two papers
discussed above, it presents zesults and images for lysozyme and fibrinogen on
HOPG. The role of substrate binding affinity, tip-induced deformation, and

motions and pile-up due to scanning processes are briefly discussed.

Appendix D:

“"Diract Chservations of Immunoglobulin Adsorption Dynamics Using the Atomic

Force Microscope,” J-N Lin, B, Drake, A.S. Lea, P.K. Hansma, J.D. Andrade,
Langmuix (1989) in press.

The paper presents a portion of the results of an experiment done in
Paul Hansma's laborircory at the University of California ir. Sarta Barbara. An
antifluorescyl monoclonal antibody was adsorbed from dilute solution onto
clean mica. The adsorption appeared to result in aggregates or clusters.
Although individual adsoxption events (collisions) could be seen, the
molecules were not stable and apparently desorbed readily. This suggests that
we may have to treat IgG adsorption as a highly cooperative, nonrandom
process. Based on this work we proceeded, with the generosity and assistance
of Hansma and his group, to build an AFM in our lahoratory, which is now
functioning (as of Dec. 1, 1989).

Appendix_E:

“"Real Time Imaging of Immunoglobulin Adsorption on Mica Using the Atomic Force

Microscope," J-N Lin, B. Drake, A.S. Lea, P.K. Hansma, and J.D. Andrade,
abstract submitted for 16th Annual Meeting of the Society for Biomaterials,
May 20-23, 1990, Charleston, South Carolina.

Basically the sume as Appendix D.
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Scanning tunnelling microscopic imuges of amino acids

bv L. FeNG, C. Z. Huend [. D. ANDRADE®, Departm.rit v Bioenginzering and Center
for Biopolymers at Imterfaces, University of Utak, Sall Lake City, Utch 34112, &'.5.4.

KEY WORDS. Amino acids, adsorption, graphite, chargn transfer.

SUMMARY

We presentimages of amino acids adsorbed on kighly orientated pyrolytic graphite (HOPG)
obtained with the scanning wnnelling microscope {STM) in air. Individual molecules can be
observed although the majority of adsorbates appear to form clusters. In the case of leucine,
methionine, and tryptophan, two molecules often associate together 1o form a dimer. Single or
dimer glycine melecules were not seen, but a cluster of a number of them was observed. The
various adsorbed states may berelated 1o the differentinteractions between the amino acids and
the graphite surface. The mechanism of image formation of the amino acids is probably related
to charge transfer mechanisms.

The scanning tunnelling microscope (STM) has been used for studies of a number of orgunic
and biological substances, including copper phthalocyanine Gimzewski et al. (1987), sorbic
acid, Smith (1987), bacteriophage, Baro er al. (1985), DNA, Travaglini et al, (1987) and
Lindsay & Barris (1988), proteins, Dahn et al. (1988), and lipid bilayer, Smith et al. (1987) on
various substrates. The results have indicated that the STM may be applied in biology owing to
its high resolution, ambient and under-liquid working cenditions, end easy operation, Here we
report the STM observation of four amino acids adsorbed on highly orientated pyrolytic
graphite (HOPG).

The STM was provided by the Tunneling Microscope Co. based on the D. Smith design,
Smith (1987). The HOPG, from Union Carbide, was readily peeled with a tape. Tryptophan
(trp) was from Calbiochem-Behring Co. and glycine (gly), leucine (leu), and methionine (met)
were from Sigma Chemical Co. Their chemical structures and planar limensions based on the
CPK? atomic models (Ealing Corp.) are shown in Fig. 1. Their aqueous solutions were
prepared by dissolving amino acids in pure water (10 MQ/cm). The concentrations wereall 0+1
mg/ml for the STM measurement. A drop of the solution was placed on a freshly cleaved
HOPG surface for 5 min before the surface was flushad with ultra-pure water for a very short
time. The adsorbed specimens were dried at room temperature and normal pressure for at least
overnight before the image was taken. The STM study was performed in air, Constant height
mode was used as it gave better resolution and less distorted images than the constant current
mode, Smith (1987). In this mode the gap distance is held invariant, and the tunnelling current

*To whom correspondence should be addressed.
© 1988 The Royal Microscopical Society
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changes aecording o the surface contour and compesiuon during x-v scanning of the tip. ltis
this change that provides information on the adsorbed specics. The tungsten tip was clectro-
chemicallv etched in 2 2 M KOH aqueous solution 1Smith, 1987). Operating parameters
included 1=2 nA tennelling current, 0:2-0'8 V bias volrage, and | kHz scan ratcin X direetion
and 1 Hzn Ydireeuon. Theimages were displayed by a geey-scale oscilloscope and the pictures
were taken by a CRT eamena.

In order to assurc that amino acid molcenles could be observed under the STM, 3 relative
large amount of trp was deposited on HOPG without flushing. Figure 213t showsthat there are
two rows Jdividing the picture into two parts, When the magnification was increased 10 ten
nmes tnaimage of theupper left pare, Fig. 2(biis thatcharactensticef a typical HOPG surface.
The lower nght part, Fig, 201 shows no graphitic eharaeter, howevsr, and the surface was
much raugher, Here the eusrent variation reached 5 nA during scanning. Since these two
pictures were taken under identical conditions and almost simultancausly, it is thought that
they represent wo different sucface states. The latter, Fig. 2(¢) image, should be of the
adsorbate layer and the rows in Fig, 2{2) arc presumably its edge. Therefore, amino acids can
change the tunnclling current and can be detected by the STM. The principle of the STM has
been deseribed in detail, Hansma & Tersoft' (19871, .imino acids and protceins have long been
thought to be semiconductors since charge transfer can occur between their functional groups
with the aid of impurities, such as metal jons or water (Guimann & Lyons, 1967; Jortner &
Bixen, 1¢87}; particularly, sorbed water may play a very important role {Panitz, 1987). Water
could ‘raisc the dicleatric constant and thereferc stabilize the electron-hole pair, thusinercating
the number of charge carrizrs’, (Eley & Leslic, 19631, which would enhance the tunnelling
cureent via charge transfer mechanisms.

Themajonity of the images showed segregated elusters. The non-uniform distribution wasa
utine abscrvanion in these studics. Deypite their rare occurrence some individual molecules
cre observed and they are cleacly shown in Figs. 3-6 for cach of the four 2amino acids. We

-upgpest that the bnght humps represent the amino acid molecules because: 2. the dimensions
of the four speaies. csimated with reference to the graphitic crystal lattice, agree with those
from the molecular models (3ec the insertions in cach figurey; (b the ‘bright humps® were
frequently absesved for the adsorbed samples but similar images were not seen on clean HOPG

5A

Fig. 3. Glv umage. The insesuon is the molecular size, based on CPK models. of the same magnification as the
rnage. A number of gly molecules apparently pack together. The distance 1n between 1s about 3 A.
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Fig. 4. Trp image. The insestion is the molecular size, based on CPK models, of the same magnification s the
mage. A dimer of two paralicl packed molecules can be seen. The distance in between Is sbout 9 A,

[ d
5A
Fix. 5. Leu image. The insertion is the molecular size, based on CPK models, of the same magnificaton as the

image. Three leu molecules can be seen, two of which are associated to form a dimer. The distance between the
wo is ubout § A,

surfaces or on a control sample which had undergone identical sample preparation procedures
except for no amino acids; (¢) taking pictures of the bright humps proved 1o be difficult since
they tended to escape very casily due 1o their weak interactions with the substrate; (d?
adsorption from the atmosphere was not given strong consideration because graphite surface
images were routincly obtained on ‘clean’ HOPG, even samples used several davs after
cleavage; (¢) hydrocarbon impurities, if any, are not normaliy seen by STM, (Schneir &

5A
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Fig. 6. Metimage The insrtion is the molecular size, based an CPK modcls, of the same magnification as the
s:mlgc. Oncmet moleculeislying honzontally on HOPG, Dimers were often observed but the pictutes are poorn
quality.

Hansma, 1987Y; and 1f1 all the pictures in this paper are representative of many obscevation
cvents.

[t i3 intetesting to look at the molecular packing of the different adsorbates. The simpless
aming acid, gly, formed arravs, cach of which containg a number of gly molecules  Fig. 30,
Another charactenstic is the dimer aggregation for both trp and lew vFigs. 4 and 5+, Dimers
were also observed with met, The dimer or trimer phenomenon was not uncommon except for
glv. In fact it was very difficult to spot a single separated molecule, such as met in Fig, 6, A
dimer was not 3 double tip artefact because not everything on the unsge was doubled. Itis
thought there are 1wo reasons for the dimer or multimer formation. Amino acids can form
pairwise ‘side-on" associations in their aqueous solutions, { Lilley, 1985 The dimerassociation
may remain intact during the adsorption process, On the other hand, a single amino acid
molccute docs not have a strong interaction with the HOPG surface, Without the association, it
would be quite volatile due 1o its low molecular weight. This explains its observed mability
under the STM observation, ‘That 15 why we often located one single melecule but it soon
disappearcd before we could take a picture. Those that were imaged may have adhered 1o some
sor¢ of surface defect, which could increase adsorbent-adsorbate interactions, The smaller
amino acids require more intermolectlar interactions in order to forma stable adsorbed state. It
is why we only saw gly clusters rather than dimers.

At this time she possibility of sclective adsorption of impurities cannot be completely ruled
out and further work is necessary, such as scanning tunnelling spectroscopy, (Smith, 1987).
Although we have much more to observe and to learn about electron tunnelling and STM
analysis of amino acids and larger biomolecules, it is clear that STM offers considerable
potential for surface studies of biomolecules.
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LETTER TO THE EDITOR
Scanning Tunneling Microscopic images of Adsorbed Secum Albumin
on Highly Orlented Pyrolytic Graphite

Human scrum albumin molecules, adsorbed oa highly oriented pyrolytic graphite (HOPG), have
been observed by scanning tunncling microscony (STM) in air, The images show the detalls of sub-
molczular domains as well as {ndividual molecules with 3 resolution better than 20 A. The cbecrved
domaln srmangement agrees with the expected 2ae and structures of albumin, suggesting that litthe de-
naturation has occurred on HOPG, This work further demonstrates that the direct observation of bio.
molecules by STM is probable,  © 1966 Aasdrner Prem. tac,

Scanalng tunndling microscopy (STM) has cnabled
scientintg 10 probe structure 3nd topogriphy ot the Ang-
strom Jevel. STM hat been sucormfully applied to con-
ducting and semiconducting materials {1, 2). Application
to biomaterials, however, seems 10 be 2 contraversial sub-
Ject Adsorbed biological subsances are normally insizlators
and are generally mobile, Thus they are dilficult 10 "sec”
by STM. Although such difficultics c2n be overcome by
surface cosung with conducting materiels (3, 4), the direct
observation  § biomaterials {3 more attractive, as direct
observation minimizes artifscts and makes i situ mes.
surements possible. A {ew published papers have given
images of bacteriophage (5), DNA (&, 7), lipid bilavers
{3). and proteins (9, 10) though the image formrtion
mechanism remains unexplained, Que STM cxperience
suggests that biological substances can be sensed by STM,
depending on the type of malecular specics, its sdsorbed
state, its hydration degree, the tip shape, the stability of
the STM instrument. et¢. In this report we present two
STM pictures of protein molecules sdsorbed on highly
oriented pyrolytic graphite (HOPG), The images reveal
the best resolution 3o far achieved by STM on peowins,
The result unambiguously indicates the feasibility of direct
observation of blomacromolecules with STM.

Human serum albumin has a concentration of about
42 g/liter in plasma and constitutes 0% of the mas of
plasma proteins (11). It is a single polypeptide chain con-
sisting of 584 amino acid residucs and having a molecular
weight of about 69,000. Albumin has a strong internal
structure, held firmly together by 17 disulfide bridges. Fig-
ure | shows the three-dimensional molecular model, The
molecular shape is generally taken as an cliipsoid with
dimensions of 40 X 140 A, There are three donains within
the molecule. The domain structure is believed to be a
cylinder formed by six a-helices (11),

The STM images of human albumin are presented in
Fig. 2. Figure 2a shows one adsorbed human wbumin
molecule and some parts of two other molecules on HOPG.
They have diffecent orientations, The molecular dimen-
sions are 120 A in length and 60 A in width. The slight

0021-9797/88 $3.00
Copyright © 1988 by Academic Prese, Inc,
All rights of reproductioa ia any foem reserved.

devistion In dimeasions of the adsorbate from those of
the sbove model may be caused by tlight collapee of the
pative structure in the relstively dry air envirvament, Theee
cylindrical, paralicl domains can be observed, as expocied
from the model, sugpesting that the surface denaturstion
is not extensive. In addidoa to domaing, some side loops
connecting the domaing cen also be seen, The fset that
domans can be distinguished means that the resolution
is about 10 A, The flat tegions around the sdsorbed mol-
ccules have been identified as bare HORG, In fact, the
iiny ripples along the scanaing lined in Fig. 2b ate the
comugation of graphitic carbon atoms, commonly ob-
served by STM on HOPG (1), The surface depression (o
the left of cach adsorbed molecule is considered an 3flu.
cnce of the adsorbed specics. This area should actually be
the flat subjirate, which can b confirmed by the existence
of the atomic corrugations in that togion, Similar obsers
vations have been reported (12).

Figure 2 gives information on adsorption at well, Certain
carbon materials have long been considered to have ex-
cellent biccompatibility (13, 14), One of the liypatheses
is that there is not much densturation of peoteing adsocbed
on a carbon sutface. Although HOPG Is not quite the
same as those carbon materials, its adsorbing behavior
may still imply that this hypothesis is reasonable. The al-
humin molecules essentially kept their native state in the
presence of interactions between the adsorbate and the
adsocbent. From this respect it Is worth studying the ad-
sorption under water in the future,

In summary, we have been able to cbtain STM images
of albumin and of ts domain structure on HOPG. This
work confirms that STM can be employed 10 study some
biological substances under certain experimental condis
tions, such as foc protein adsorption on conducting sub~
strates, We have observed several different proteins de-
posited on HOPG. We consider that the ituage fonnation
mechanism is related to charge transfer processes in the
protein(15). By the aid of scanning tunineling spectroscopy
(STS)(16), STM might become a nowerful tool to study
the electronic properties of proteins.

650

Journal of Colloid and Interface Science, Yol. 126, No. 2, Deceenber 1988
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Fi0. 1. Backbone three-dimensional model of serum albumin, In this model the wire represents the
peptide backbone and the spheres represent disulfide bridges in the long loops. (a) Side view of the model.
The three domains are anuparaliel to cne another. (h) Top view of the same model. The length 1s 140 A
and the width 40 A for the enure molecule tfrom Rel. (11) by permission of the anthor).
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FIG. 2. Images of human albumin on HOPG. The pictuie dimensicns are 200 A in the honzontal (x)
and 160 A in the verucal (3) directions. Since the adsorbate has a very different clectronic structure from
the substrate, the height { = direction ) could not be directly measured. Both (a) and (b) show several different
molecules. Three domasns can be clearly seen (a). The ripples on the raster lines 1n (b) are the corrugations
of carbon atoms of the HOPG. The sani,'lc was prepated by depositing a droplet of albumin (Calbiochem)
in phosphate-buffered saline solution (pH 7.4, 10 ppm albumin) onto freshly cleaved HOPG and then the
droplet was removed by capillarity with a ussue. The sample was then flushed with water for 10 s and was
dried at room temperature for 5 h before observation, The STM was operated 1n air with a bias voltage of
200 mV. tunneling current of 4 nA. and high feedback gain. The tungsten up was electrochemically ciched
in 2 3 KOH. Constant height mode was used with the scanning rates 40 Hz :n x and 0.05 Hzin y.,
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aharxacr

We applied acanning tunnelling
microscopy (STM) to the obaervacion of
amino acids and proteins deposited and/or
adsorbed on highly oriented pyrolytic
graphite (KOPG).

Although many questicns remaln, it
13 demonscrated cthat relatively high
resolution images of uncoatud proteins
can often e eobtalned in asx. We present
images of flve amino acids (glycine,
laucine, lyaine, methionine and
tryptophan) and three proteins (lysozyme,
albumin and Zibrinogen) under warious
zanditions of depoaician and adsorption.
e discuss the role of afZinicy of the
amino acids and proteins to the
suhatrave, thelr adsorbed states and
discribution, and STH ctip-induced
deformaction and/or desctruction.

STM studies of adsorbed proteins are
expected to provide useful and even
anique information on zhe <onformation
and packing of the proteins.

FEY 1ORDS: Scanning tunneling mcroscopy,
Biological applications, Highly oriented

pyrolytic graphite, Proteins, Amno acids,
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Inkroducrion

Scanning tunneling microscopy (STM)
is a new and fast growing surface
analysis and imaging technique. In the
faven or so years since its invention by
Binnig and Roarer (Binnig ot al.,1982),
STM has been gradually increasing in
popularity in the imaging of conducting
and semi-conducting surfaces {Binnlg and
Rohrer, 1985, Quate, 1986, and Hansma and
TorsofZ, 1987). Such rapid progress is
due to the unparalleled capabiliclies of
STM compared with other forms of
miczoscopy: (1} ultra-high resolution
down to atomic dimensions, (2) three-
dimensional images, especially with a
very high sensitivicy in the vertical
direction, (3) a variety of operating
conditions, including vacuum, air and
even liquids, (4) observation range from

107% to 1071% &, (5) the ability to do
tunneling spectroscopy, and t6)
relatively inexpensive equipment.

The coperating principle of STH is
surprisingly simple. “hen a metal
needle-like probe (tip) is brought close
enough to a conducting suxzZace (1-10
Angstroms), eleccrons zunnel through the
gsp between the tip and the surface under
an appropriate bias voltage, producing a
tunneling current. The tunneling current
is a function of the bias voltage and the
shape of the barrier (related to work
function) and is extremely sensitive to
the gap distance. The tunneling current
is changed by a factor of 10 when the
disctance changes just 1 Angstrom for a
local work function of 4 eV, It is this
strong distance dependence that is the
reason for STM's high wvertical
resolution. When the tip is rastered
across the surface using a pieczoscanner,
a feedback network adjusts the height of
the tip above the substrate surface to
keep the tunneling current constanc; this
is called the constant current mode.
Alternately, the change in the tunneling
current can be recorded at a constant tip
height: the constant height mode. In
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both modes a surface topographical map i3
chtained (Hanama and Taexsoff, 1987}, as
in Figuze 1, if che subsczate has & 3
chemically homogeneous surface, Suppose
therxe i3 an adsorbed nolecule on a
onducting surface; it may percturd the
sagnizude of the loecal tunneling curxzent
due T a shange in lz2al work Iuvnetion.
The nmolegule L3 "irmaged™ through the
change ¢f the loexl gurrent., This is
the probable mechanism by which an
zdsorbate i3 detected by STH (Panics,
1987 and Spong et al. 1989). Since the
adsorbare usually does not have cthe
identical chemical conmposition and
structure ay the substrate, the tunneling
qurrant map does not nacessarily
reprasent the asame surface topography.
Since our group has a strong
involvement in the atudy of proteins at
invterfaces (Andrade, 1985), we have &
parcicular fnterest in applying STM o
this area. Our ractionale i3 as Zollows:
conventional TEH ok SEM genezally needs a
high vacuum system, which often distorcsy
the protein nacive utate. Ofzen a
coating is necessary o minimize sample
charging and to enhance tho contrast;
such coating can ecasily {introduce
arcifacta ard thereby decrease the vselul
resolucion. Labeling arisorbed proteins
with heavwy nmexals, 3uch a3 gola, does not
give a sofficienctly high resolurion in
the SEM, and iz dependa on labeling
efticlaacy and other Zactora. However,
with an in-aiz-operated STM it is
possibis ro observe proteins in thelr
hydrazed state in a humid environment.It
is even possible ro sece proteins in
solution with an apprepristely designed
and constructed STH. Proteins are
considered semiconductive in thelr usual
hydraced state (Jortner and Bixon, 1587).

Y
Piezoscanner 4-: X

Tip

a

Figure 1.

The resolution of STM ‘oz rotedn
molecules should be higher than in SEYM or
TEM. So long as the substrate conducts
dlecericity, STH =ay be exployed.

A hpiad vavisy af S7H annYiesrinns in

- "nlc;‘

Listed here .. .he major obstacles
in applying 374 ¢ tha gtudy of proteins.
(1) They are, ir j.n¢ral, poor conductors
of electricity 3¢ thut they may not
signiflicannly altsr the tunneling
cuzrent; t2) they ave relatively sofc
and Zlexible so that they tend to “smear
out™ the Irmace and lowver the zesolution
because of thelr molion and relaxation in
the presence of thae tip and the applied
eleceric 2ield; {3) their mnolecular
structure is often not well charxacterized
5o that image f{nterpretation is
difficule; and (4) they may have weak
intexzctions with cthe conducting
substrate to which they are attached so
that they are often perturbed or moved by
the moving tip. Neverctheless, many
biolcgical as well as oxganic substances
in diZZexent Zorms have been obaerved by
STH. A few raview papers are now
avallable {Hansma et al., 1988 and
2asad=inaki, 1989).

The very Zirst paper of STH images
of a blological substance, DNA, appeared
in 1983 (Binnig and Rohrer, 1982),
unveiling the poasible application of STM
in biology. Baz) et al. (1985,19286)
reported the surface topogrzaphy of
bacreriophage 229 @n graphite There have
been a number .2 papers on imaging
Langmuir-Blodgetz films on different
substraces by ST, with arachidate on
graphite (Smich ez al., 1987),
dinyriscoylphosphatic acid on both

Tunneling cutrent

¢ Y
Piezoscanner 4 X

Tip

b

Schematic expression of operating principles of scanning tunneling

microscory in either the constant current mode and constant height mode.
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jraphite and gold (Hoxber et al., 1288),
o~tricoysnoic and i2,8-diynoic acids (CTd
3813} on silicon wafer and graphite
f3zavn et al., 1988). It saems that with
such regularly packed stzucsuras, the
=oclacules are nuch easier o image and
Astinguish and the rasolutian i3 higher
emparad To individuai or zandanly packed
~2lecuiys. The £anmd 414 true when imaging
laquad crystals ifaster and Trommer, 1988
and Jpong et al,, 1%89) and <TTE=TCNQ
srysrals (Sleaver and Tycko, 1988).
Stommer et al. (1937) have nmanaged o
image Dbiological mnembranes {porin
mombrane!. Membranes prepared by Izeeza-
fracture replica rechods show much merxe
3agail (Jaseph et al., 1288). 3tudies of
single stranded ©DlMA  have produced
impressiva resules. Travaglini et al.
(1987} stzzted she atudy of hare DNA
molicules. Later the same group obtained
images of DNA by means of conducting film
coatings (Amrein et 3l., 19688). Beebe et
al.(1989) achieved a similar zesolution
on uncoated double~-stranded DNA using

STH., DHA images under watexr werxe
abtained by Barris et al.(1988) and
Lindsay et al.(1989).

Few papers have dealt with the

3ubject o2 STH cbhservation of proneins.
<ne of che earliest papers on protein STH
images was by Dahn et al.(1988). while
zhelzr wozk was mainly on  kacterisl
sheaths, 3 globular pretein, ovalbumin,
was imaged. The molecules had becone
Zlattened and elongaved presumably due to
the dehydxation. Horher et al. (1988)
studied Concanavalin A embedded in a
1ipid film. They cldimed chat the Zour
subunics of Coa A might he seen. Simic'-
Krstic' et al. (1989) recently observed
miczotubules on graphite fixed in 0.1%
3lutaraldchyde in both Zzeeszeo dried and
hydrated szaces. Microtubules Zreguently
appeared buckled, semiflattened and/or
twisted., Collagen strands »f 15
Angstroms in diameter on graphite were
imaged by Voelker et al.(1988). They
suggested that the periodic spikea fzom
the strand represented pyrrolidine rings
of the proline and hydroxyproline amino
acid residues. In contrast to the DNA
images, proteins on a conducting
substrate generally show a less defined
structurze und poorer resolution.

Since protein adsorption properties
play an important role {n the
applications of biomaterials, we believe
that it is worthwhile to utili=ze STM to
explore the details in conformation and
packing o adsorbed proteins. STH may
also provide Jinformation on the
electronic structure of proteins which
will certainly benefit molecular
electronics studies. In the rest of the
paper, we will introduce our published
and unpublished STH work on £five amino
acids and three proteins (Feng et al.,
1988 and 1989).
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The substrare was highly oxiented
pyxolytiz graphite (HORG) £Zrom Union
Tarbida. A3 a routine substzate Zox STM,
HOPG i35 a zemimecal and relatively inert
raterisl. Cleaved by an adhesive tape,
HOPG readily providas a laxge (1 mm x 1
ma} elean area with an avomically flac
plana. Tryptophan (trp) was from
valbiochan and glycine (gly), leucine
{leu), lysine (lys), and meachionine (metc)
ware Irom Sigma. Hoen lysozyme was Zrom
Calblochem, human serum albunin from
Calblochem and human £ibrinagen fron
Calbiochem and Sigma. <The amino acidsx
and proteins were dissolved either in
altra-puze watexr (10 M{2/¢m) or in pit 7.4
phosphate bulZexed saline (PBS): amino
acid concentrations were 0.1 mg/ml and
protein concentrations were from 0.001
mg/m)l (1 ppm) to 0.1 mg/ml (100 ppm). A
droplet of the solution was pipetted onto
a2 newly cleaved HOPG surface, which was
elther promptly removed by capillaritvy
{for a deposited sample) or allowed to
rest for 5 min before being flushed with
ultrza-puze water (Zor an adsorbed
sample). All samplea were dr-ied at zoowm
temperature and ambient atmosphere (22°C
and 20-50% Ro“-) .

OQur ST¥ was provided by the
Tunncling Microscope Co.(Smith, 1987).
STH tips were prepared by electrocitienmical
etching a tungsten wire, 0.5 mm in
diameter, in a 2 M KOH solution under a
20-30 Vv a. c¢. potential. The tips had
diamerexzs from 0.1-1 mm ot the end as
measured by TEM. STM was operated in
alr; both constant height and constant
current modes were used. Parameters for
a typical conatant height mode were 200-
800 mV khras voltage (Vb), tips being
negative with respect to samples, 1=2 nA
tunneling current (It), 1 KH: scan ratu
in x direction and 1 Hz in y direction.
Paramezers for a typical constant curzent
mode were 50-400 mV bias voltage, tips
being negative with respect to samples,
1-4 nA tunneling current, 30 Hz scan rate
in x direction and 0.05 Hz in vy
direction. The magnification was
calibrated by the lattice parameters of
HOPG substrate. Real-time images were
processed by a band pass filter to
minimize high frequency nolse, and
displayed by an oscilloscope. The
pictures were recorded from the
oscilloscope by a CRT camera.

Besulos and disenssion

Amino acids (Feng et al., 1988)

We first studied the amino acids
since they are the simpler building
blocks of complex proteins. All five
amino acids adsorbed on HOPG were easily
seen as aggregates (Figure 2).
Adsorbates occupied roughly 5-10% of
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H-CH-COO'  CHy-GH-CH—CH-COG  NHj=CH,~CH,~CH;~CH-CH-CO0

NHJ Hy  NHg NHg
Gly Leu Lys

CHy—S~ CH,~ CH,— CH-COT"

Hy=S-CH,~Ch, i G~ CHy— GH-CO0

3 N> NH3
H
Met Trp
a

Figure 2. (a) Molecular formulas of the five amino acids. {b) - (g) Amino acids
adsorbed from 0.1 mg/ml aqueous solutions on HOPG as aggregates. (b) Gly (Vb = 500 mVv,
It = 1 nA, 25 Angstroms/div): (c¢) One of the humps in (b), 2.5 Angstroms/div; (d) Lys
(Vb = 300 mV, It = 1 nA, 25 Angstroms/div); the white vertical lines are photo defects;
{e) Higher magnification of (d)}, 2.5 Angstroms/div; the white vertical lines are photo
defects; (£f) Met (Vb =800 mVv, It = 1 nA, 25 Angstroms/div); (g) Higher magnification
of met (Vb = 300 mV, It = 1.8 nA, 2.5 Angstroms/div). 1In (c), (e) and (g), individual
molecules can be barely seen. Constant height mode was used.
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total surface, according to a atatistical
eatinate with many regfons. Thiz walue
43 much less cthan that expacted Zrzem our
radiotsotopa medsuzenents, which gave
about 80% czoverage L2 monolaver
adsorprien wa2 assuned. The discrepansy
may ke due ze: (1} he prasence af
multilayer adsorbazes whizh hayd been
=ryncated bty the 3TH Tip tecause the gap
distance was of the ozder o 1 Angatzom,
(2} los2s of adsoxbates Zzem the subscrate
whan they were inpoundad by the rigid
tip, and/or (3) incapablilizy of imaging
some adsorbates since they did not medily
the tunneling current. From Tigurez 2
(€}, (2) and (g) one could distinguish a
fow single molecules ia thesa cluscers.
The appazent diffezence fa their afzes i3
thought due¢ to thelr diffarent distances
to the tip alnce they werze rzandomly
fucked. More often than not, gaparatce
individual anmino acld molecules were harzd

0 Zfind, presumably due o weak
interactions Ddetwecen them and the
subacrate. Somecimea a molecule was

spotted but it qulckly disappeared Zxom
the image befoze a pleture could bhe
taken.

Occasionally, a few anino acid
=dlenules warze caught and imaged with
batsel resolutien, a2 in Figuze J. We
3uggest that the bright hurps zepresent
aning acid molecules tecauvse: (1) the
dirmgnsions o©f the three apeciesn,
escimacad with refexence to the graphite
grystal lattice, agree with cthoae
axpected 2zom the molucular models (aee
the insezziona in ¢ach Zigurel: (2)
“bright humps® ware Irequently chserved
Zor the adsorbed samples hut sinmilag
images werm not sgen on  2iedn HOPG
surfacnes oz ¢n a control sample which had
sndexgene iZentical sample preparzacion
rzoceduzes except for nd amino acidar (3)
zaking pietures of the bhright hunps
turned cutr to ke dilffisulst zince thzy
tended to @scape vezy easily due to thelr
wgak interactions with the 3aubstrate;
(4) adsorption from the acmosphere was
not given atrong consideration bhecause
gzaphite 3surface images were routinely
obtained on "clean" HOPG, cven samples

usad several days after cleavage; (5)
hydrocarbon impurities, if any, are not
normally seen by STM, Schneir and

Hansma{1987); and (6) all the pictures in
this paper are representatives of many
cbservation events. Dimers c¢r trimers
axze xzelatively more stable than monomers
in terms of interactiens with the
substrate so that they were immobile for
a sufficient time for producing a
photograph. No dimers or even trimers
could be szeen on gly samples because of
gly's much smaller molecular weight and
size.
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Figure 3. Images of individual amino
acid molecules with constant height mode.
The graphite subsctrate can ke seen
undexneath. The insertions are the
molecular sizes based on CPK models of
the same magnification as the images.
(a) Gly image (1.9 Angstroms/div in X and
3.2 Angscroms/div in y), a number of gly
molecules apparently pack together; (b)
Leu image (2.8 Angstroms/div in x and 3.2
angstroms/div in y), three leu molecules
being seen, two of which are associated
to form a dimer; {c) Tzp image (3.3
Angstroms/div in x and 3.8 Angstroms/div
in y), a dimer of two parallel packed
molecules being seen.
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Hen egg-whice lysozyme iz a small
2ompact protein with molecular weight of
14,600, rade up o2 a atngle polypeptide
zhadn 3¢ 129 anino acids, Four
diguifide “onda gross-link the rolecule
ang provide high srability. lLysosyme has
af ellipsoidal shape, with dJdimenalen of
45 x 30 x 30 Angstroms 1Stryer, 1986).
ESCA neasurzement, Figure 4, shows that
lysozyme has a lavge affinity Zor HOPG.
The adsorbed monolayer (the plazeau of
the adsorption isotherm) was formed
withian § min even when the 3golution
roncentracion waz as low as 0.0} mg/nl,
znd virtually no desorption was detegted.

Amount of monolayer: 5.5 %

1 2 4 1 A 2

00 002 Q00+ 006 308 01w 0912

Cangeaunen g

Hitogen, %%
OO = N @ d h O

Tigura 5. Lysoaryaie adsorption Lsotherm
dotacce ! by ESCA (KF 5955C); adaoxprion

time 5 min az 22°C, and water rinse i
min,

In Flgure S{« , adsozbed lysoxyme i3
zhserved ky the g2onstant height mode.
The moleculaes apparently <ol.zpsed and
=erged into a rough Zilm. The 3sdsazbate
2ilm was apporencly thin enough 20 have
avoided being cur through by the STH cip.
A very amall number of molecules remained
roughly of globular shape (Figqure 5(b)).
But this time their top portions were
apparently truncated by the cip. In
order to image the whole nmolecule, the
conszant current mode should he a batter
method for molecules with dimensions of
more than several Angstroms,

Flgure 6 s the Iimage using che
constant current nmode. Again no
individual molecules are recognizable
even wicth higher magnification. Tompared
with Figure 5(a), this picture shows nuch
rough adsorbates with many "hills* and
“valleys". One of the reasons might be
that the constant curcrent mode tolerated
much larger sized objects since the tip
tried to go over them. Another nossible
reason i{s that the tip tenced to
rmechanically push the molecules and piled
cthem up if they did not enhance the
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adsorbed
lysosyme on HOPG, adsozption conditions:
0.1 ng/nl concentratien, adsozrption tinme
5 min at 22°C, and water zinse 1 nin: STM

Filguze §&. ST¥ images of

sondicions: constant height rmode Vb =
800 mV, It = 2 nA, (3} Moatz lysczynme
molecules merxrged into a rough adsorbed
layer, bar = 40 Angstroms. (b) In very
few cases globular moleacules remained but
thelir top portions were apparentcly
truncazed by the cip, bar = 40 Angstroms.

tunneling current sufficiencly to provide
response in the gap distance adjustment.
The latter perhaps dominated since
lysosyme molecules hac high resistivicy
and therefore were hardly “seen" by the
tip.
"u:an soryn albumip (Feng et al., 1988)
Human serum albumin consists of a
single polypeptide chain of 584 amino
scids with a molecular weight of about
69,000. Albumin has a strong internal
structure, held firmly together by
seventeen disulfide bridges. Figure 7
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Figure 6. STM images (100 Angstroms/div)
of adsorbed lysoz-me cn NOPG, adsorption
condicions: 0.1 mg/a! cqpccntrltlon.
ddsorption time § min at 22°C, and water
rinse ! min: STM conditions: constant
surrent node, Vb = 100 aV, It = 1.8 nA.

shows the :hree-dimensiconal rmolecular
nodel 13rewn and Shockley, 15%82). The

molecuiar thape 12 jzenecaily taken ag Ao

2llipgord with dimensiang 7 §) x 83
ANZITEINS, There e Thnred  damaling
WATHAN  The  mQiedu.c. 3 domaLn
ZTrusture i3 heligved 0 e 3 2ylinder
formed by 2ix a-helices. This structure
%3z now heen parzially 2aZizmed Yy 3k
Telent N-zay crystal virultucse Analyse

{oarzes e% al., .98%),

The IT¥ images ¥ hurman alb
presented in Figure & althaugh t
Tepea

ceen fifflizvlr o t. Figurze EQ3)
zhows cne adsorbed human albumin molecule
and seme parss of Twe octher ~:ilecules o
HOPG. “hey have diffarent rsrientations.

«
Iimensiann

™ molecular are 1290
Angstrams in length and 4. Angstrems in
widzh. “he slight deviazion (in
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timansions ¢ the adsorbate Zrom those of
the above model may ke caused by slight
collapse of the native structure in the
relatively dry alr envircnment. Three
sylindrical, paralle)l domains can be
:hgerved, a3 expected rom ke model,
sUgoesting that the surface denaturaticn
=3% #0% Ye extengive. In addition %o
semaing, Jame side LO0pPS s3nnecting the
Amains San 3110 Be seen. The Zact zhat
domaling can be distinguished means that
the resolution Ls about 10 Angstroms.
“he {lat regions around the adsorbed
solecules have been {dentified as bare
HOPG. In fact, the tiny ripples along
the geanning lines in Figure #(b) are the
tozrugation of graphitic carbon atoms,
sommonly observed by STM on NOPG. The
surface depression to the left of each
adsorbed molecule is due 20 the delayed
time response Of the tip, which was
scanning from right to left. Figure §
gives information on adsorption as well.
The albumin molecules essentially
maintained a nearly native state in the
presence of Interactions between the
adsorbate and the adsorbent. <There has
been littlc apparent denaturation.

¥uzan lbrizgges

“he Lilmporzs

Jdgerpion w0 the under
hizod=compazibiliz Hilt
=slecule’s vaige

iibrinogen
standing of the
aterials and the

e=ndtgular strucIure
cured 3 o LT with  STM.
Tibrinogen is a bi protein with
molecular weight of 341,00 Vzom the
=3lecuisr model in Flgure %ia), ve see
hat its dimensions aze approx:imately 480
Angstroms in length and u5 Angstzoms in
diameter (Willlams, 1881l). Although we
never succeedad :n imaging 3an  intact
fihrincgen molecule, ot turned yut zhat
we Nave ended =up with nmuch more
infcomation about S7TM izsel?,

Filgure S(b) 3ispilays a
fibrinogen molecule, whizh looks iike a
“zlab*. 3Relerring 2 Figure 3({a), one
realizes that the macromolecule observed

wes

DX
il
r
”"

typlical

Backbone 3 dimensional
model of serum albumin., In this
model the wire represents the
pepride backbone and :zhe spheres
represent disullide bridges in the
lzng lcops. The three domains are
antigraralle! to cne another. The
lengeth is 150 Angstroms and the
width <0 Angstroms Zfor cthe entire
molecule (from Brown and Shockley,
1982 by permission ¢f the author).
See relerence.

Figure 7.
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Figure 4. i=ages of human a.bumin on
50FG. The picture dimengions are 170
Angutroms in wne horisontal i1x) ang (&0
AngstIoms in the verilical () direciicns.

since zhe adsortacze has s very different
elecrzonic structure Zrom he supstiate,
che height (2 direction) ~2ould aot bhe
directly Teasured. 3Joth (a) ana (b) show
several different molecules. Three
domains can ke clearly seen {(3). The
ripples on the raster lines in (b) are
the corrugations of carbon atoms of the
HOPG. The sanple was prepared by
depositing a droplet of albumin PBS
solutica (10 ppm albumin) onto freshly
sleaved HIPS and 2hen the icopler was
removed capii.agizy with a tissue,
The sampie was then Y.ushed with water
for i3 zec 3nd was  iried 1T roon
semperatuze for 5 h belore userwvation.
The STM wa3 cperated at 3 bias vcitage of
230 =V, <unneiing current of & oA and
high feedback gain. The constant cusrrent
node was used.

by
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Figure 9.
model from Williams (1981); the globular
domains at both ends may be elongated (%0

(a) A tibrinogen molecular

% 40 Angstrcms). (D) A typical fibrinogen
molecule oObserved by 3STM on NOPG
(deposited from a 20 gppm aqueous
soiution), constant current, Vb = 200 av,
it = 1 A, 100 Angstroms/div. {¢) An
image of 3 separated domains of a
fibrinogen molecule which originally wvas
a simiiar slab as the one ian (8),
constant curzenz, Vb » 200 mV, It = 1.9
nA, -0C Angstroms/div. The piciure wvas
taken when the trace of water on the
sample :ust disappeared.




ia Tlguze 9tb) rad been 30 sévexely
Jafor=ed cthat £z Nad lost lts Xey
charactexsiscics. Rhile 4t length
ramained relatively unchanged i3 widcth
axpanded o 300 from 65 Angagroms and Al
meight wag reduced o abom: 15 frem 65

AngsTroms.  The sezy miférable Thiag i3
enze ir Sid [or ghow The thIee Iamalin
irruILere. Tzon the eviatics 3% whe

=alecular dimensions, A% 15 reazon Lie o
suypoose that zhe =xi nas  heavily
squessed, depreased, and thus diztorsed
the Zibrinogen nmolecula. Although
Zihzinogen has a large molesular size, it
Appeszz to not su¥liclently inczesse the
xuaneling curranc. Thuz, the Tip could
not discern this luge molzcule baciuse it
jugged the suciace rorphelegy by 2ansing
the local zunneling current zather than
atomic or molecular topography., Note

igure 8({c}: che picture z2zarted with a
“slab” at zhe¢ center. A moment latarc the
~3lab* guddenly buzst inzo thres "caps”,
pzobably representing tha three deformed
node~like domains. This could occurx
because this sample was just bacely dried
30 the =olacule was jofter and lass
adhered and/or denaturad. The linking
chaing betwean the domains had apparencly

Qa

it 8 morea 560 Aceton st v g

been Zzaczured such that the domains vers
no longexr in an axis hut rather randomly
scaztarad,

The “zlabs* cerzainly vere not part
af the substrate, as might he suggestad,
3ince they were quice =obile on the
Jubstrate. The whole process s
tllossrazed in Tlgure 10, 2 single
molecule di¢ not have sufficlent
interaction with the subacrace HOPG to
immobilize itsell. As wa mentioned
before, owing to some degres of
=achanical contact, the ulp wvas driving
2ibrinogen molacules arocund and they kept
moving unti) many of them packed
togather, which Ifncressed their mutual
inceraczion, This sort of dynamic
procesz as Oobsarved wvith several
differant samples.

Although a few individual molecules
wvare Imaged, the nmajority of the SIN
images showed aggregates of Zibrinogen
molecules, as in Flgure 1), in which thg
tower lef:z hand flat zegion wvas the NOPG
sukstrate. In spite of our acrempt o0
craate cthe condicions Zavoring the
Zormarion of szeparate molacules, thelr
distribution seeas to have nothing to do
wicth the methods of preparation of

figure 10. A dynamic process of fibrinogen molecules on HOPG, constant current, Vb =
200 mV, It = 3 nA, 100 Angstroms/div., (a)-(c) recorded zhe rmotion and ({d) illustrates
the entire process.
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it
tibrinoy .n agereqate,
iarge: than 1 n 1 mm,
handed flat region was the NOPG aubstrate
tdeposited from » 3 ppm PRE so0lution,

Yigure An edge of adsorbed
whose Ared was

The lower left

onstant current, Vb = 300 av, I = 2 nA,
30 Angstromssdivi,

23mplel, D@ Lt fERA3LT T AXDIPTION,
wHATNETr AF LO% wWALRY Fi.if@d, 343 Riph e
LoW  22RCENLIALLIUNS 7 tEe r.uutiend.
I8 3R LA TN® LUSSRUNA (33@. W% 4

avspecied TR INe tip BaS foiven and
Filed up 3egregaied noietuias into
siusters. But this Time we Nave more
ronfidence i thiz Zugpertiza, 3ince Ne
mave  evidenle < Fuch 3 Sy namil process,

Although zhere 3 50 doubz zhat
preselin nolezuyles 230 be ~hierved on 3
candueting ubatrate by UM, Sepending on
Uarious Sireumstancex, vhe Siffizulty i
KoM 10 chlerve Them withous 3itering
thefr initiBl adsorped i3ate, haw o
ceproducibly abtasin zimilar i(=ages, afd
pncer wWhaT I2nditions an adgoched proveln
molecule can be unambiguously observed.
A number of Important Qquestions have te
ke ansvered: What s the sechanisa of
image formation of such poorly tonductive
substances? What role do the :ip
geomatry and surface chemistry play?
Whet is the major interaction betwean the
tip and » protein molecule: mechanicsl or
sleccronic? What effects does zche
sonducting substrate impose, uch as i:3
Jaformation, @lectron densizy, e¢ic? What
i3 cthe role of samplie hydration or water
sorpeion?  We Are coatinuing o address
thege queatians.

Ppaﬁ‘uvicns

Qur STM work on proteins adsorbed on
HOPG can te summarized a5 Z3llows:

(1) Eoth awmino acids and proteins
zan be seen by 3TM under certain
condizlions despite some diffigulcies.
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t2) Amino acids are adsorbed both as
agereyates and as Iindividual =mclecules.
single moleculus aze apt to escape under
the STM tip since their interactions with
The substrate are veak.

131 Hen egg-white lysoz;ne undergees
a z2eaizrmational zhange cpon adsorprion
andsar 3TM wizuailszatien.

14) The hligh resoluticn images &f
numan Albumin show great promise for ¥t
applications to protein adsorpticn.

181 The 3TM tip may deform husan
fibrinogen due 20 mechanical coatact,
because of its large molecular size and
poor conductivicy.

1) Fibrinceen neoleculas can move
cver the substzate, driven by the tip,

zavsing them to pile up into clusters.
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Direct Observation of Immunoglobulin Adsorption
Dynamics Using the Atomic Force Microscope
J.N. Lin, B. Draket, A.S, Lea, P.K. Hansmat, and J.D. Andrade
Dept. of Bioengineering and the Center for Biopolymers at Intertaces,
University of Utah, Salt Lake Cily, Utah 84112
1Dept. of Physics, University of California, Santa Barbara, California
93106
Abstract
Atomic force microscopic images of a murine antifiuorescyl
monocionai antibody (IgG 4-4-20) depositing from solution onto
freshly cleaved mica were observed [n real time. These images
clearly indicate a cooperative adsorption process, not a random

one. Only IgG aggregates formed stable deposits, whereas isolated

molecules desorbed readily from the surface. Subsequent
adsorption occurred adjacent to the aggregates, forming ridges and
eventually a near monolayer was produced. Additlonal layers
deposit only aiter the initial monolayer adsorption was nearly
complete. Desorption of the IgG molecules in a distilled water
medium was not observed.
Introduction

Some of the more common methods! to study proteins at interfaces are
radiolabelling, ellipsometry, total internal reflectance fluorescenca (TIRF),
infrared (IR), Raman, and X-ray photoelectron (XPS) spectroscopies, and
scanning electron microscopy (SEM). While each of these techniques is
capable of providing critical information regarding the adsorbed species, this
information is actually a measure of the average properties of all the adscrbzd

proteins in a micron sized (or greater) area. No technique is available with

Langmo, o mesa (1989)




which to characterize individual adsorbed proteins. In addition, SEM and XPS
are normally used in a vacuum environment which is radically ditferent from an
aqueous one in which protein adsorption is occurring. So, the information may
not be representative of the actual events. The.atomic force microscope (AFM),
however, can be operated in an aqueaus environment and is capable of
providing real time images of protein adsorption with a resolution sufficient to
see individual molecules.

The AFM?2 can be used to obtain atomic scale images of surfaces 3-7. The
surface to be imaged is mounted onto a (xyz) piezoelectric crystal and is
rastered buneath a sharp tip attached to a cantiiever. The tip rides across the
surface and the forces between the surface and the tip cause deflection of the
cantilever. This deflection can be monitored using a scanning tunneling tip2.3 or
more easily, it can be monitored by movement of a laser beam that is reflected
off the back of the cantilever 8.3, Since the cantilever is sensitive to the
intermolecular forces between the tip and the surface, the sample need not be a
conductor to be imaged. Images have not only been obtained from graphite3-5
and metals5, but also from semiconductors#:7 and insulating polymers10-12,
Magnetic fields13 and charged regions in materials?4 have been imaged as
well. More detailed reviews of the AFM theory are presented by Marti et al. and
Hansma et al.15.16,

The AFM has already been used to image surfaces in an aqueous
environment!’. Underwater images of crystalline mica and polyalanine on mica
have been obtained. One advantage of using water as a scanning medium is
the minimization of general adhesion forces that result between the tip and the
surface!8, Such forces dominate the interaction between the tip and the sample
and prohibits the possibility of obtaining high-resolution images. In addition,

scanning surfaces in aqueous environments enables one to realistically image




biological systems. The AFM can obtain new images within a few seconds and
can therefore monitor biological processes in real time. Recently, Hansma st
al.17 were able to follow the formation of a polymerized fibrin network on a mica
surface by adding thrombin to a solution of fibrinogen. These images showed
fibrin oligomers aggregating to form a single polymer strand. Formation of
additional strands occurred adjacent to first.

This paper discusses the images obtained from the adsorption of a
murine anii-fluorescyl monoclonal immunoglobulin G (4-4-20 IgG2 (x) )19 from
solution onto clean mica surfaces. This protein was chosen because it is easily
crystallized and has self-aggregating properties. We hoped that some unique
ordering upon adsorption to the mica surface might occur and, if so, this
ordering could be imaged with the AFM. Wa felt that desorption could be
observed as well.

Methods

The AFM experimental apparatus has already been described and can
be found elsewhere!6. Movement of the microfabricated cantilever20 is
detected by the positioning of a laser light beam that has reflected off the back
of the cantilever and is detected by a pair of photodiodes. The AFM images are
continuously recorded on video tape for later review. A flow cell has been set-
up across the surface of the mica that aliows rapid exchange of the fluid.

Mica (Asheville-Schoonmaker) was affixed to the piezoelectric crystal
stage and cleaved in situ. The flow cell was constructed around the stage and
distilled water was injected onto the mica surface. The microcantilever was
advanced until the force between the tip and the surface approximated 10-9 N.
The mica was then imaged continuously in the feedback mode with a scan area

of 1800 A by 1800 A and a constant scan speed of 16 msecline.
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The AFM tip was retracted from the mica surface and a solution of 18
pg/mL 1gG 4-4-20 (a qift from J. N. Herron) in phosphate buffered saline (pH 7.4)
was injected into the flow cell. The tip was advanced to the mica surface which
was then imaged continuously in the feedback mode over a scan area of 1800
A by 1800 A. Atter 4 minutes, the scan area was increased to 4500 A by 4500 A
(full scale). After another 1 1/2 minutes, the AFM was swilched to variable force
mode for the remainder of the imaging.2! The adsorption process was imaged
continuously for 40 minutes. During this time, the scan area was decreased to
1800 A by 1800 A, to 900 A by 900 A, and then returned to full scale.

Immaediately after the 40 minute IgG adsorption, the tip was retracted and
the flow cell was flushed with distilled water. The surface was scanned for 10
minutes at full scale, at 1800 A by 1800 A, and then at 900 A by 900 A,
Results

The image obtained of the mica surface underwater is flat and
featureless indicating a pristine surface.

Within the first two minutes after injection of the IgG into the flow cell, a
continuously growing aggregate was observed in the lower right-hand corer of
the screen. This image was obtained in feedback mode and had dimensions of
1800 A by 1800 A. This aggregate appeared on top of the featureless mica
background. After five minutes, the scan area was increased to 4500 A by 4500
A and 'ridges' appeared (A). The AFM was then switched to variable force mode
(B) and and the same image appeared (different contrast) indicating that either
mode could be used. As time progressed, it was clear how the adsorption was
taking place. Molecules that landed adjacent te these ridges would adhere
resulting in two-dimensional growth in the plane of the surface (C). Yet most’
molecules that landed by themselves would desorb readiiy as evidenced by the

disappearance of these isolated molecules. The size of these molecules




roughly matched the knawn size of an IgG molecule. The deposited IgG
appeared as mounds and subsequent {rames showed smearing of these
images.

The ridges continued to spread (D,E) along the surface until a monolayer
covered the surface of the mica. Although it is difficult to obtain accurate height
dimension in variable force mode, the monolayer thickness was approximated
at 50 A, which is consistent with the dimensions of an IgG molecule. Near the
end of the monolayer formation, a second layer started to appear. This second
layer arose from many different sitas on the first layer since protein interactions
could occur from anywhere on the surface (F). Upon growth of the second layer,
most IgG molecules that deposited would adhere, but then smear, suggestive of
a rapid conformational change.

After the water flush, the surface exhibited altered features, but there was
no evidence that IgG desorption was taking place.

Discussion

The observations of deposited IgG on the surface appearing only as
aggregates and of individual mounds rapidly desorbing from the surface are
suggestive of lateral interactions occurring between the adjacent IgG

molecules, which appear to be important for formation of a stable protein layer.
These lateral interactions are not unexpected, since this protein has some seif-
aggregating properties. What is interesting is the necessity of lateral interactions
for adherence to the surface. Perhaps, an IgG molecule by itseif can only get &
toe-hold on the surface at first and can be desorbed easily. Once it has multiple
holds with the surface and neighboring molecules, the probability of desorption
decreases significantlyl. This would explain the phenomena we observed here.
This argument is also supported by the observation of a second IgG layer

arising from many different areas on the monolayer surface. Here, the deposiied




IgG can arise from any number of places, since intsractions can occur from
anywhere on the monolayer surface. Prior to this experiment , a protein
adsorption isotherm on mica was obtained using 125|-labelled 1gG. The
isotherm showed Langmuir-like behavior and at a concentration of 18 pg/mL,
the mica surface was only 40% covered (less than a monolayer).

After the water flush, IgG desorption was not observed. Perhaps,
desorption was slower than the observation time (minutes) due to the strength
of interaction between the adjacent IgG molecules. Previous data has shown22
that IgG does desorb {rom a silica surface, but that study was performed using
polyclonal IgG and may behave differently from the present system,

Cenrtainly, these observations were not solely a consequence of simple
adsorption phenomena. A number of times, protein mounds would be displaced
parallel to the rapid scanning direction only to be returned to its original position
upon subsequent images. It is clear that the tip of the probe is 'massaging' or
pushing the molecules on the surface. The extent to which this occurs, however,
is not known and any conclusions can only be made keeping this in mind. For
example, maybe the formation of aggregates results {rom the probe pushing the
molecules over to a small cluster of molecules. The probe may not be able to
displace this cluster laterally because of the strength of interaction it has with
the surface and can only 'hop' over it. In this manner, the probe may behave as
a gathering device which sweeps the molecules into piles. This phenomena
may explain the discrepancy between the AFM images and the isotherm data.
In addition, the desorption of individual molecules from the surface may be a
result of tip interaction. Thus, the probe may sweep these molecules of! the
surface as well.

The authors would like to emphasize that this experiment is a preliminary

one done at one protein concentration. The effect of concentration on the




adsorption pattern is yet unknown, but is the subject of ongoing studies.
Furthermore, the issue of protein adsorption on the probe itself was not
acdressed here. This issue is important and rﬁerits {urther detailed study and
consideration.

Conclusion

Using an atomic force microscope, real time imaging of IgG deposition on
flat mica was accomplished. While IgG adsorption may occur anywhere on the
surface, only those molecules with sufficient lateral interactions had the
capability to remain on the surface. Isolated molecules desorb readily. A second
layer could be observed after 35 minutes of adsorption. It was hoped that
unique ordering of the IgG on the surface could be visible, but this was not
evident. Although, restructuring of the surface had occurred in the desorption
experiment, desorption was not conclusive.

While it is exciting that individual molecules could occasionally be seen,
it is not clear how much the probe affects molecular conformation. When more
sensilive canlilevers and more sophisticated detection systems are devsloped,
it may be possible to operate the AFM using forces of 10-10to 10-11 N and
image biomolecules unperturbed by the probe.
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image A. Feedback image of 18 ug/mL IgG 4-4-20 in PBS on clean mica after
5 minutes. No}e the formation of aggregate ridges'. The scan area is 4500 A by
4500 A.

image B. Variable force mode image of 18 pug/mL IgG 4-4-20 in PBS on clean
mica after 5§ 1/2 minutes. The ridges are now resoived better. The scan area is
4500 A by 4500 A.

Images C,D,E. Variable force mode images of 18 ug/mL IgG 4-4-20 in PBS
on clzan mica. Times of adsorption are 15, 17 1/2, and 20 minutes. Growth of
the monolayer centers about the ridges and proceeds until a near monolayer is
formed. The scan areas are 4500 A by 4500 A.

Image F. Variable force mode image of 18 ug/mL. IgG 4-4-20 in PBS on clean
mica. Adsorption time is 37 minutes. After a near complete monolayer is forrned,

a second layer begins to deposit. The scan area is 4500 A by 4500 A.
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REAL TIUE MAGIIG OF RBAMUNOGLOOULIN ADSORPTION
i MICA USHNG THE ATOMC FORCE MICAOGCOPE

JM. Un, D, Crakel. A.S. Les. P.X, Hansmal, and J.0, Andrade

Dept. of Dioenaingering, Centar for Blopolymars at Interfaces. Unlverslty of Ulsh

Sait Lake Clty, Utah 84112 USA

Thete ate & number ol mathods lo study the adsorption of
protelng at Intetfaces Including racioladbeliing, scanning
tleclion mictoscopy, and 8 varlely of spaciroscople
techniques, The problam with these metheds Is that it Is not
possibie o image the malecular attangement of adsothed
molecules, let alone Individyal molecules on 8 sutlace.
Futiharmore, soma ol thase tachniques can nol monitor the
adsorption events in real ¥me of In an aqueous environment.
The acveni of the stomic focce microscope {AFM) has enabled
tesearchers jo monlior 1eal time processes In an aqueous
¢avionment, Recently, the AFM community al UCSB was able
to image the adsomtion and polymerlzation of fibrinogen on
mica demonsitating the polentisl ol the AFM for observing
biotogicat processes.’

Wih an invitatlon to use the AFM Instumentation at
UCSB, those of us at Ush decided lo siudy the adsorption of a
monccionat 1gG (4.4:20) on mica.2 This peolaln was chosen
becausa H Is easlly crysiatizable and was thetalote axpecled
lo display non-tsndom adsorption,

Mica was atlached onto the plexoelecitlc crysial and a
ftash sutface was produced by cleaving [a_situ. A flow cell
was erecled stound the mica and distiled waler was
Inlroduced. The plezoelecliic stage was advanced uniil the
force between the AFM tip and the sample approximated 109
H. lmagas of the mica sutiace were thus oblained. After Up
teteacllon, the distifed water was exchanged with an 18
mg/mb solution of IgG (4.4.20) In phosphate bulletad
saline (pH 7.4). Images oblained showed the progression of
190G adsorplion dynamkes. I9G desorption In distilled waler was
Investigated as well,

€

Images wete obtalned In both leedback and varlable force
modes over & lyplcat scan area of 4500 A by 4500 A, The
Image of the mica was lealureless Indicating a tiat, virgin
sutiace,

Images from the 1gG solution expetiment showed
adsorplion was & coopetalive process, The fisst images were
obtained In feedback mode and showed 2 growing oG sgtegate.
The scan scea hete was 1800 A by 1800 A, Afte: S minutes
from the time of proieln additlon, the scan ates was increased
fo 4500 A by 4500 A and ‘ridges’ sppeared. The scanning
mode was switched to vadlable force mode and the same image
appeared, Rarely were Isclaled molecules seen and those that
waere observed disappeared by the nex! Image (5 seconds
lalar). Yel, those thal landed adjacent lo the ridges adhered
tesulling In growth In (he plane of the surlace. These
observations Indicale thal lateral Interactions sre necessary
for 3 stable proleln layer on mica. fhe adsorbed layer
contlnued lo gtow In lwo dimensions producing a near
complete monolayer al 20 minutes. At 30 minules, & second
lg@ layer deposlting on the monolayer becomes visible, No
desorption of the igG layer in distilled waler was observed,
even alter 10 minutes, perhaps due lo the sirength of lateral
Intaractions,

Since individual IgG molacules were not observed in these
Images, we are now frying to oblaln Images of an easlly
crystallizable IgM pentamer. Due to Ilis symmelry and larger
size, we hope fo be able 1o see Individual molecules.

Imaae.): Vailable force mode Image of 18 mg/mL IgG 4.4.20
In POS adsorbing on mica alter § 172 minutas, Scan area ls
4500 A by 450C A, Nole formation of ‘idges’,

Image_2: Vadable force mode Image of 18 mg/mL 1gG 4.4.20
In PBS adsotbing on mica alter 20 minuies. Scan acea is
4500 A by 4500 A, A monolayer Is neating completion,
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